Limiting phenomena on the electrostatically assisted wetting of dielectric solids by conducting liquids are illuminated by means of computer-aided analysis. The importance of the electrostatic edge effects and their influence on the dielectric properties of the solid is raised to demonstrate that contact angle saturation sets in when the electric field strength locally exceeds the breakdown strength of the dielectric solid where the liquid sits. The proposed argument along with the computed predictions is tested against published experimental measurements showing remarkable agreement.
Electrowetting deals with the control of the wetting properties of a liquid on a solid by altering the charge distribution at the solid/liquid interface. Initially studied by Lippmann 1 at an aqueous electrolyte/mercury interface, more than a century ago, this effect attracted strong scientific interest over the last few years, since it is related to microfluidic systems 2-5 ranging from variable focal length liquid lenses and electronic displays to the so-called "lab-on-achip."
By applying a voltage between a conducting liquid drop and an insulated counter electrode underneath, a charge is accumulated at the solid/liquid interface, causing a decrease in the corresponding interfacial energy. Consequently the wetting of the solid by the liquid is enhanced, accompanied by a change in the contact angle. At low voltage, the contact angle change is reversible and its dependence on the applied voltage is well described by Lippmann's equation. 6 The interfacial energy change is approximated by the energy stored in an ideal parallel plate capacitor formed by the conducting liquid-dielectric-electrode assembly. However, at high voltage, wetting enhancement is limited by saturation phenomena not predicted by the Lippmann equation, which ignores electrostatic edge effects and their influence on the dielectric properties of the solid. Thus, the development of electrowetting-based microfluidic systems is limited by the contact angle saturation, the underlying mechanisms of which are not yet clearly understood.
Recent studies attribute the limiting phenomena mainly to the high charge density in the vicinity of the contact line, i.e., at the liquid/solid/air junction. 7, 8 Some argue that trapping of charge 8 on the insulator leads to the decrease of the field strength, and thus to the weakening of the electrowetting force. A different theory, suggested by Vallet et al., 7 attributes the contact angle saturation to the air ionization near the contact line. Although there is experimental evidence of air ionization in electrowetting experiments, 7 this mechanism is in disagreement with the experimental results of Seyrat and Hayes 9 showing that a special preparation of an amorphous fluoropolymer coating, used as the dielectric insulator, increases its breakdown strength and notably improves the electrowetting performance. Shapiro et al. 10 claim that the relative resistivity of the dielectric and the liquid is crucial in modeling contact angle saturation. Although their model predictions compare well with their measurements, they are sensitive to the ratio of the resistivities; the latter is used as a fitting parameter since its real value is not yet measured.
Here, in modeling capillary electrohydrostatics, account is taken of the so-called edge effects. Although the exact computation of the field strength near the three phase contact line modifies by a few percent the parallel plate capacitor approximation, 11 edge effects become the dominant factor in the mechanism of the contact angle saturation. The coupled unknowns, field distribution and drop shape, give rise to a nonlinear, free boundary problem which is solved without any restrictive assumptions on drop shape near the edge, i.e., the contact line. As shown in Fig. 1 , a perfectly conducting axisymmetric liquid droplet ͑volume ϳ1 l͒ sits on the horizontal surface of a thin dielectric layer ͑thickness a few m͒, which covers a metal electrode. The drop is surrounded by ͑dielectric͒ air. The governing equations are given in detail in Ref. 12 . They are Laplace's equation for the electric potential, ⌽͑E ϵ − ٌ ⌽͒, inside the dielectric solid and the air ͑re-gions 1 and 2 in Fig. 1 
and the incompressibility constraint for the liquid
E is the strength of the electric field, and r the relative permittivity of the dielectric medium ͑ r = d for the dielectric solid; e r = 1 for the surrounding air͒. C is the local mean curvature of the drop free surface, ␥ lv is the liquid/air interfacial tension and K is a reference pressure constant along the free surface; g is the acceleration of gravity, ␦ is the difference between the liquid and air densities and 0 is the electric permittivity of vacuum, and ⍀ is the drop volume. Equations ͑1͒-͑3͒ are solved for the unknowns, ⌽ 1 , ⌽ 2 , f, and K, accounting for the appropriate interfacial conditions with regard to the electric field and potential, the boundary conditions that prescribe the wetting properties at the air/liquid/solid junction in terms of Young's contact angle, Y , and the asymptotic conditions for the far field behavior. 13 Notice that Y is only a function of the interfacial tensions and independent of the applied field. 14 The equations are discretized by the Galerkin/finite element method and solved with full Newton iteration. Field distribution and unknown shape are computed simultaneously in a compact numerical scheme, 15 ,16 which will be described in detail in Ref. 17 . The sharp edge at the contact line induces high gradients of the electric field, demanding local refinement of the computational mesh.
Lippmann's equation carries the following simplifications, which are not adopted in the present analysis: the effect of the electric field, that causes the contact angle change, is localized at the contact line and gravity is neglected for drop volume below 10 l; 11 thus, the axisymmetric drop shape is taken as a circular segment. Here, Y is left unchanged and the drop profile is visibly affected wherever the electric stress grows large. To facilitate a direct comparison with Lippmann's predictions, a circle is fitted to any computed shape ͑see Fig. 2͒ . There is no visible deviation from the computed shape except in the vicinity of the contact line, better shown in the left inset of Fig. 2 . The slope of the "circular fit" at z = 0 is defined to give the apparent contact angle, V . Indicatively, V is found to be 70°for V =75 V ͑see Fig. 2͒ . The dependence of V on voltage deviates substantially from that predicted by Lippmann's equation and yields higher angles especially at high voltage ͓see Fig. 3͑a͔͒ . There is no indication of contact angle limitation, induced by a possible electrohydrostatic effect, in accordance with the recent findings of Buehrle et al. 14 However, the field strength at the contact line is computed to be an order of magnitude stronger than the strength of the almost uniform field away from it and along the solid/liquid interface. The field strength distribution near the contact line and along the solid/liquid and the solid/air interface is computed by averaging in boxes of length of 10 nm, and is shown in Fig. 2 ͑see the right inset͒. It is suggested that electrowetting is limited at an applied voltage where the maximum field strength, plotted in Fig. 3͑a͒ , reaches the breakdown strength of the material, E bd . Then, possible charge leakage is induced, which presumably limits electrowetting and signals the contact angle saturation. The corresponding apparent contact angle, V , is the saturation contact angle predicted ͓see Fig. 3͑a͔͒ 
